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Space closed-loopAbstract Spray cooling has proved its superior heat transfer performance in removing high heat
ﬂux for ground applications. However, the dissipation of vapor–liquid mixture from the heat sur-
face and the closed-loop circulation of the coolant are two challenges in reduced or zero gravity
space environments. In this paper, an ejected spray cooling system for space closed-loop application
was proposed and the negative pressure in the ejected condenser chamber was applied to sucking
the two-phase mixture from the spray chamber. Its ground experimental setup was built and exper-
imental investigations on the smooth circle heat surface with a diameter of 5 mm were conducted
with distilled water as the coolant spraying from a nozzle of 0.51 mm oriﬁce diameter at the inlet
temperatures of 69.2 C and 78.2 C under the conditions of heat ﬂux ranging from 69.76 W/cm2
to 311.45 W/cm2, volume ﬂow through the spray nozzle varying from 11.22 L/h to 15.76 L/h. Work
performance of the spray nozzle and heat transfer performance of the spray cooling system were
analyzed; results show that this ejected spray cooling system has a good heat transfer performance
and provides valid foundation for space closed-loop application in the near future.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
High heat ﬂux density electronics are widely used in modern
industry, and their cooling technologies are most important
for sustaining their working temperature in a certain range
and lengthening their lifetime.1 However, conventional cooling
approaches (like air-cooling solutions and single-phase ﬂuid
loop2) could not meet the ever-increasing need in high heat
power dissipations, which may exceeds 250 W/cm2.3 Spray
cooling technology has proved its cooling ability for
the ground applications,4–8 such as electronic card cooling,4
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cooling.8 An open water spray cooling system was applied to
a lateral diffused metal oxide semiconductor ﬁeld effect tran-
sistor (LD-MOSFET) with a heat ﬂux of 162 W/cm2 in a
500 MHz radio frequency power ampliﬁer9 and an air–water
spray cooling system was used to cool high-speed switching
insulated gate bipolar transistors (IGBTs) with a heat ﬂux of
825 W/cm2.10 Furthermore, a high ﬂux up to 1200 W/cm2
was removed from rough heat surface through the spray cool-
ing technique using water as working ﬂuid11. Due to its supe-
rior performance with only small liquid mass ﬂow and other
merits like temperature uniform distribution, small surface
superheat and strong control ability,12,13 the spray cooling
technology may become one of the most promising cooling
techniques for high ﬂux density devices.
For the space application of spray cooling system, several
problems need to be well addressed. Firstly, the future spray
cooling system loaded on spacecraft will run in a microgravity
or zero gravity space environment; therefore, how to dissipate
the vapor–liquid mixture from the heat surface in time and
ensure no coolant hydrops on the heat surface are very
important for the heat transfer performance. What’s more,
how to design a closed-loop system to realize the coolant circu-
lation is critical for the heat being effectively transmitted by
the spray coolant and then being exhausted to the outer space
environment.
Currently, some approaches for the space application of
spray cooling systems were studied by researchers. Spray cool-
ing characteristics under reduced and elevated gravity (102 g
for 20 s and 1.5–2.0 g for 15–20 s) in space application were
conducted with the aid of the parabolic ﬂights of an aircraft.
Liquid was sealed in a cylindrical pressure vessel under con-
stant pressure by nitrogen gas, which was used to evacuate
the pressure in the chamber. The spray coolant in the spray
cooling system was drained out of the chamber with the aid
of a small auxiliary pump and the coolant was not repeatedly
used. During the experiments, the acceleration direction of the
aircraft was perpendicular to the heater surface.14 Spray
cooling experiments under speciﬁc microgravity conditions
have also been conducted with the aid of parabolic ﬂights.15
Pressurized gas bottles were used to drive the coolant spraying
through the full-cone pressure swirl atomizer and the gas and
liquid in the spray chamber were not circulated in cycle. How-
ever, the schematic of this spray cooling experiments was an
open system, which is not suitable for space application.
A closed-loop spray cooling system with sintered porous
copper wick was proposed for space application16 and sintered
porous copper wick was arranged on the heat surface to cap-
ture the spray liquid droplets. When the droplets impinged
on the wick surface, some of them evaporated and the rests dif-
fused into the sintered porous copper wick. The vapor ﬂowed
out of the chamber through the vapor pipe line. With the help
of the capillarity suction, which was provided by the sintered
porous copper wick arranged in both the liquid pipeline (that
links the reservoir and the spray chamber) and the reservoir,
the liquid coolant in the spray chamber ﬂowed to the reservoir
along the liquid pipeline. The heat absorbed by the vapor and
the liquid was dissipated to the outer environment with the
help of the heat sink. In this spray cooling system, the sintered
porous copper wick on the heat surface realizes the vapor–liq-
uid separation in the spray chamber. What’s more, the sinteredporous copper wick, arranged in the liquid pipeline and the
reservoir, realizes the circulation of coolant in the loop.
Research of a closed-loop spray-cooling system with a liq-
uid–liquid ejector has also been carried out.17 In the closed-
loop spray cooling system, a condenser was arranged between
the ejector and spray chamber to cool the two-phase mixture
from the outlet of the spray chamber. With the help of the ejec-
tor, the vapor–liquid coolant can be effectively sucked away
from the heat surface, and the heat transfer performance of
the spray cooling system was enhanced. Another experimental
investigation of a large area multiple nozzle spray cooler with
an imbedded suction system was conducted, the suction system
made up of thin copper tubes was used to extract liquid from
the heat surface, and the heat ﬂux removal increased 30 W/cm2
with the help of the suction system.18
In the present paper, the normal spraying method was uti-
lized to obtain good heat transfer performance. Water (or dis-
tilled water) as coolant with full-cone spraying has been
researched mostly because of its largest heat latent, and
hollow-cone pressure spray nozzles and dissolve gas assisted
atomizing nozzles were not recommended for spray cooling
of electronics.19 What’s more, inclination angle of spray cool-
ing impinging on the heat surface has a signiﬁcant impact on
the spray cooling performance. Spray cooling experiments with
PF-5052 as working ﬂuid at various inclination angles were
conducted and results show that a maximum critical heat ﬂux
(CHF) was achieved with the spray impinging normal to the
heat surface.20 Spray cooling experiments were also carried
out with spray angles of 0, 30, 45, 90 and the maximum
CHF was achieved when the inclination angle is 30.21 Li
et al. found that inclination angle had little effect on the heat
transfer performance unless inclination angle exceeded 40 at
the oriﬁce-to-surface distance of 1.4 cm.22 Spray cooling exper-
iments were conducted with distilled water as coolant using the
semi-solid swirl nozzle at different inclination angles, and both
of the heat transfer performance and cooling efﬁciencies were
enhanced with the inclination angle increasing from 0 to 49.23
In Section 2, the ejected spray cooling system was described
and its ground experimental setup was also illustrated. This
section also presents the experimental conditions along with
the experimental procedure, the models of work performance
parameters characterized the spray nozzle, like Sauter diame-
ter and the droplets velocity, as well as the parameters that
appraise the spray cooling performance, including heat trans-
fer coefﬁcient, heat surface temperature, vaporization ratio
and spray cooling efﬁciency, followed by the measurement
uncertainties of these parameters. Section 3 presents and dis-
cusses the experimental results and Section 4 draws the
conclusions.
2. Ejected spray cooling system and its ground experimental
setup
2.1. Ejected spray cooling system
Fig. 1 shows the scheme of the ejected spray cooling system for
space closed-loop application, which consists of a spray cham-
ber, an ejected condenser, a radiator, two valves, a pump and a
heat exchanger along with the linking pipelines.
In the ejected spray cooling system, the coolant is driven by
the pump, and the volume ﬂows through the spray nozzle and
Fig. 1 Scheme of ejected spray cooling system for space closed-
loop application.
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(Valve 1 and Valve 2). High-pressure sub-cooling coolant
through Valve 1 sprays into the spray chamber through the
spray nozzle oriﬁce and atomizes into liquid droplets (approx-
imately 10–100 lm), then the liquid droplets impact on the sur-
face of the heat source. Complicated heat transfer process
occurs between the atomization liquid droplets and the surface
of the heat source. The temperature of partial droplets rises up
to the saturate temperature by absorbing heat from the heat
surface continually, then these droplets vaporize and turn into
two-phase mixture in the spray chamber. Meanwhile, the high-
pressure coolant through the Valve 2 ﬂows into the radiator
and the heat is dissipated to the external space environment
by radiation. After that, the cold coolant ejects through the
ejected condenser nozzle and negative pressure region forms
surrounding the ejected condenser nozzle. Then the two-
phase mixture in the spray chamber is sucked by this negative
pressure, which is mixed with the cold coolant and condensed
into a sing-phase (liquid) ﬂow at the outlet of the ejected con-
denser. Subsequently the coolant is pumped again to start a
new cycle. The heat exchanger in the ejected spray cooling sys-
tem was used to regulate the spray inlet temperature.
In this study, the ejected condenser is the key component of
the ejected spray cooling system for space closed-loop applica-
tion. In zero gravity space environment, the two-phase mixture
in the spray chamber could be discharged away from the heat
surface effectively with the help of the suction generated by the
ejected condenser, which ensures the circulation of the coolant
in the ejected spray cooling system. What’s more, in the inner
of the ejected condenser, the cold single-phase ﬂow from the
ejected condenser nozzle and the hot two-phase ﬂow sucked
from the spray chamber are mixed up in the inner of the
ejected condenser. Finally the two-phase mixture is condensed
in the form of single-phase ﬂow at the outlet of the ejected con-
denser, which prevents vapor from ﬂowing into the pump.
2.2. Ground experimental setup
Fig. 2 shows the ground experimental setup and the physical
devices of the ejected spray cooling system. The experimental
apparatus consists of a spray unit (spray nozzle and
spray chamber), an ejected condenser, an analog heater, arefrigerator and constant temperature water tank, two mag-
netic gear pumps, associated measuring sensors (thermocou-
ples, pressure gage, and ﬂow meter) and pipelines.
Two magnetic gear pumps and valves (No. 1–No. 4) were
used to adjust the volume ﬂows through the spray nozzle
and the ejected condenser. The analog heater was used to sim-
ulate the heat ﬂux generated by the electronics. And the refrig-
erator was used as heat sink and the constant temperature tank
was applied to regulating the spray inlet temperature. The
components of the ejected spray cooling system were covered
with heat insulation material to eliminate the environmental
effect throughout the whole experiment process. The volume
ﬂows and pressures were measured by ﬂow meters and pres-
sure gage, and the temperatures in the spray cooling system
(the analog heater was excluded) were monitored by PT100.
A pressure atomizing spray nozzle was used and its nozzle ori-
ﬁce diameter was 0.51 mm. The spray chamber was designed as
a small size cylinder (£55 mm  45 mm). The spray nozzle
diameter of the ejected condenser was 1.5 mm, the diameter
of throat section was 4 mm, the length of the throat section
was 5 mm, the throat-nozzle distance was 7 mm, the length
of diffusion section was 20 mm, the output diameter of the dif-
fusion section was 10 mm.
The analog heater here was designed by pure copper as the
thermal conductivity of pure copper shown in Table 1,24 and
the thermal conductivity was set to 390 W/(mK) (in the tem-
perature range of 100–200 C) with the diameter of its circle
heat ﬂux output surface being 5 mm. Four ceramic electrical
clubs (£4.8 mm  40 mm), connected in parallel to an AC
power supply, were embedded in the copper. The analog heater
was packaged by heat insulation material (ceramic ﬁber)
except the circle heat ﬂux output surface. Four k-type thermo-
couples with a diameter of 0.5 mm were used to measure the
temperatures at two different cross sections beneath the heat
ﬂux output surface and temperatures at each layer were
obtained by mean value. The distances from the two sections
to the heat surface were 6.5 mm (the upper layer) and
11.5 mm (the lower layer). The temperature and the heat ﬂux
at the heat surface were deduced using the Fourier’s law of
heat conduction. A set of data acquisition system was devel-
oped to monitor and record the measurement data.
2.3. Experimental conditions and evaluation models
2.3.1. Experimental conditions
The parameters which need to be set under different work con-
ditions are the spray inlet temperature through spray nozzle t,
the volume ﬂow through spray nozzle Vsp, the volume ﬂow
through ejected condenser nozzle Vej and the heat ﬂux through
the cooling surface. These parameters for experimental condi-
tions were listed in Table 2.
In the present study, the experiments were performed
according to the following procedures at each work condition.
Step 1. The data acquisition system was prepared and then
the refrigerator was powered on.
Step 2. The constant temperature tank was set at a speciﬁc
temperature.
Step 3. The volume ﬂow through the ejected condenser was
regulated by Pump 1 and then the volume ﬂow through the
spray nozzle was adjusted by Pump 2.
Fig. 2 Schematic and physical device of ground experimental setup.
Table 1 Copper classiﬁcation and its thermal conductivity.24
Name Thermal conductivity (W/(mK))
0 C 100 C 200 C 300 C
Pure Cu 401 393 389 384
90Cu-10Al 49 57 66
89Cu-11Sn 24 28.4 33.2
70Cu-30Zn 106 131 143 145
60Cu-40Ni 22.2 23.4
T
C
N
N
N
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iment of one work condition was ﬁnished until the ejected
spray cooling system achieved stabilization.
Step 5. The analog heater was powered off and the heat sur-
face temperature was cooled down.
Step 6. Repeat Steps 2 to 5 until all the work conditions
were accomplished, then the pumps (Pump 1 and Pump
2), the constant temperature tank and the refrigerator were
powered off. Data recorded by the acquisition system was
analyzed in Section 3.able 2 Experimental conditions.
ase Parameter
t (C) Vsp (L/h)
o. 1 69.2, 78.2 11.22–15.04
o. 2 69.2, 78.2 13.2
o. 3 78.2 13.62.3.2. Evaluation models
For the ejected spray cooling system, the work performance
parameters of the spray nozzle and the heat transfer perfor-
mance parameters are determined with the measured pressure,
ﬂow rate and temperature.
(1) Work performance parameters of spray nozzle
Sauter diameter, deﬁned as the ratio of the volume to the
surface area of all droplets, reﬂects the inﬂuence of spraying
droplets’ mean diameter on the heat transfer performance,
which is calculated by25–27
d32 ¼ 3:07dsn
q0:5g Dpd
1:5
sn
r0:5lf
 !0:259
ð1Þ
where dsn is the oriﬁce diameter of the spray nozzle, Dp the
pressure drop through the spray nozzle,r the surface tension,
lf the ﬂuid viscosity, and qg the vapor density in the spray
chamber.
Note that Eq. (1) was obtained through the analysis of the
spray cooling experiment data with FC-72 and water as ﬂuid;Vej (L/h) Heat ﬂux (W/cm
2)
99.2 214.5 for t= 69.2 C; 217.5 for t = 78.2 C
99.2 69.76–311.45
77.5, 99.5 83.71–295.06
Table 3 Uncertainties of the parameters.
Parameter Uncertainty (%)
Temperature ±0.5
Pressure ±0.2
Flow ±2.5
Distance ±1.5
Conductivity of copper ±1.025
Sauter diameter ±4.75
Spray droplets velocity ±1.12
Surface heat ﬂux ±3.36
Heat surface temperature ±2.64
Heat transfer coeﬃcient ±4.16
Vaporization ratio ±2.6
Heat transfer eﬃciency ±3.3
634 H. Zhang et al.what’s more, the spray nozzle applied here was full-cone nozzle
produced by the same company in Refs.24–26, therefore, this
Sauter diameter was calculated by Eq. (1).
The spray droplets velocity impinging on the heat surface is
another key parameter. According to the estimation method
of energy conservation proposed by Ghodbane and Holman,28
the spray droplets velocity on the heat surface was modiﬁed
by Qiao29 and the gravity forces was considered, which was
given as
V ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V2sin þ 2Dp=qf  12r=ðqfd32Þ  2gl sin a
q
ð2Þ
where Vsin is the ﬂuid velocity at the inlet of the spray nozzle, g
the gravitational acceleration, and l the oriﬁce-to-surface dis-
tance. a is the angle between the plane of heat surface and
direction of gravity, 90 for upward facing heat surface and
0 for a vertical heat surface.
Heat surface mean volume ﬂow rate is deﬁned as
Vs ¼ Vsp=As ð3Þ
where As is the heat surface area.
(2) Heat transfer performance parameters
Surface heat ﬂux generated by heat source is calculated
according to the Fourier’s law of heat conduction with the help
of measured data by K-type thermocouples. It is deﬁned as
qs ¼ kcuDt=Dl ð4Þ
where kcu is the thermal conductivity of copper, Dt the mea-
sured temperature difference of thermocouples between two
different across sections, and Dl the distance between them.
Heat surface temperature is deﬁned as
ts ¼ tup  qsDlup sur=kcu ð5Þ
where ts is the heat surface temperature, tup the average temper-
ature measured by the thermocouples at the upper layer, and
Dlup sur the distance between the up layer with the heat surface.
Heat transfer coefﬁcient of the spray cooling system is
deﬁned as
h ¼ qs=ðts  tÞ ð6Þ
The vaporization ratio, deﬁned as the ratio of the vaporiza-
tion mass ﬂow to the total mass ﬂow through the spray nozzle,
is an important parameter to evaluate the spray cooling perfor-
mance. Note that, not all the coolant through the spray nozzle
can rise up to the saturation temperature; therefore, when the
spray cooling system achieves the steady status, the energy con-
versation equation in the spray chamber could be written as
qsAs ¼ ð1 gvÞmfcfðtout  tÞ þ gvmfcfðtsat  tÞ þ gvmfhfg ð7Þ
where qsAs represents the heat power imposed by the heat
source, ð1 gvÞmfcfðtout  tÞ the heat power that impels the
spray cooling inlet temperature of the spray nozzle rising up
to the spray chamber outlet temperature (which is lower than
the saturation temperature), gvmfcfðtsat  tÞ the heat power
that impels the partial sub-cooling coolant rising up to satura-
tion temperature, and gvmfhfg the heat power that vaporizes
the saturation coolant. The vaporization ratio is deduced from
Eq. (7) and can be written as
gv ¼
qsAs mfcfðtout  tÞ
mfcfðtsat  toutÞ þmfhfg ð8Þwhere mf and cf are the mass ﬂow and speciﬁc heat of the ﬂuid
in the spray chamber, tsat the saturation temperature of the
spray chamber and hfg the latent heat of vaporization.
Spray cooling heat transfer efﬁciency, generally character-
ized as the ratio of the total actual removed heat to the maxi-
mum possible heat power (the whole spray cooling inlet
coolant temperature rises up to the saturation temperature
and the vaporization ratio is equal to 100%), is another
parameter to reﬂect the spray cooling performance, which is
deﬁned as
gs ¼ qsAs=½mfcfðtsat  tÞ þmfhfg ð9Þ2.3.3. Measurement uncertainty
The uncertainties of the aforementioned parameters were cal-
culated based on the data measurement uncertainty of the tem-
perature (measured by PT100 and thermocouples), the
pressure (measured by pressure gage) and ﬂow (measured by
ﬂow meter). Because the difference between the volume ﬂow
through the spray nozzle and that through the ejected con-
denser nozzle was very large, two kinds of ﬂow meters with dif-
ferent measurement ranges were used. In the present study, the
uncertainty of temperature measured by PT100 is 0.5 C, and
1 C by K-type thermocouples. The maximum uncertainty of
pressure gage is 0.2% of the full scale (0.1 to 1.0 MPa).
For the ﬂow rate with the measurement range of 2.5–25 L/h,
its uncertainty is 2.5%. For the ﬂow meter with the measure-
ment range of 10–130 L/h, its uncertainty is 1%. The uncer-
tainty of distance measurement is 0.1 mm, and the copper
heat conductivity is 390 W/(mK) with an uncertainty of
6 W/(mK). The uncertainties of the parameters aforemen-
tioned were calculated by Eq. (10) and the results are outlined
in Table 3.
dy ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX @y
@xi
dxi
 2s
ð10Þ3. Results and discussion
3.1. Work performance of spray nozzle
In order to study the inﬂuence of the temperature and volume
ﬂow on heat transfer performance of the ejected spray cooling
system, we analyzed the work performance of the spray nozzle
Fig. 4 Mean volume ﬂow and droplets velocity impinging on
heat surface.
Fig. 5 Heat surface temperature and heat transfer coefﬁcient.
Ground experimental investigations into an ejected spray cooling system for space closed-loop application 635under different operation conditions. Fig. 3 shows the volume
ﬂow through the spray nozzle and the Sauter diameter of the
droplets at different temperatures through the spray nozzle.
The working condition was described as No. 1 in Table 2.
Data in Fig. 3 shows that the volume ﬂow through the
spray nozzle increases from 11.22 to 15.00 L/h when the spray
pressure difference through the spray nozzle is from 0.454 to
0.788 MPa at the spray inlet temperature of 78.2 C. The vol-
ume ﬂow is from 11.47 to 15.04 L/h when the spray pressure
difference ranges from 0.443 to 0.779 MPa at the spray inlet
temperature of 69.2 C. With the same spray pressure differ-
ence between the inlet and outlet of the spray nozzle, the vol-
ume ﬂow through the spray nozzle makes little difference at
the inlet temperature 69.2 C and 78.2 C, which indicates that
the volume ﬂow has little relationship with the spraying tem-
perature, and the volume ﬂow may be only affected by the
structure parameters of the spray nozzle and the pressure
difference.
Data of Sauter diameter in Fig. 3 shows that with the
increase of spray pressure difference through the spray nozzle,
the Sauter diameter decreases from 97.37 to 84.41 lm at the
inlet temperature of 78.2 C, and decreases from 101.18 to
87.39 lm at the inlet temperature of 69.2 C. With the same
spray cooling pressure difference, the Sauter diameter at
78.2 C is lower than that at 69.2 C. The results reveal that
the increase of pressure difference and temperature could pro-
mote the droplets atomization.
Fig. 4 shows the mean volume ﬂow on the heat surface and
the droplets velocity impinging on the heat surface. The work
condition was set as No. 1 described in Table 2.
As shown in Fig. 4, the heat surface mean volume ﬂow and
the droplets velocities impinging on the heat surface increase
with the increase of the spray pressure difference. The mean
volume ﬂow on the heat surface ranges from 0.0397 to
0.0531 m3/(m2s) at different pressure differences ranging from
0.454 to 0.788 MPa at the inlet temperature of 78.2 C, and
0.0406 to 0.0532 m3/(m2s) for the pressure difference ranging
from 0.443 to 0.779 MPa at the inlet temperature of 69.2 C.
With the same pressure difference, the heat surface mean vol-
ume ﬂow at 69.2 C and 78.2 C are close to each other. This
law of surface mean volume results is similar to that of volume
ﬂow shown in Fig. 3.
With the increase of spraying pressure, the droplets veloci-
ties impinging on the heat surface rise from 30.41 to 40.12 m/s
at the inlet temperature 78.2 C, and 29.90 up to 39.82 m/s for
the inlet temperature 69.2 C (see Fig. 4). When the sprayingFig. 3 Spray volume ﬂow and Sauter diameter.pressure difference through the spray nozzle is the same, the
droplets velocities impinging on the heat surface is a little
higher at the inlet temperature 78.2 C than that at 69.2 C.
3.2. Influence of spray inlet temperature on heat transfer
performance
For the sake of studying the inﬂuence of the spray nozzle inlet
temperature on the heat transfer performance, the work condi-
tion was set as No. 2 described in Table 2. The heat surface
temperature and heat transfer coefﬁcient are given in Fig. 5,
which shows that the heat surface temperature increases with
the increase of surface heat ﬂux when the spray inlet tempera-
ture and the spraying volume ﬂow are the same. When the ﬂuid
temperature is 78.2 C, the heat surface temperature rises from
111.43 C to 141.76 C with the heat ﬂux ranging from 83.71 to
294.84 W/cm2. When the ﬂuid temperature is 69.2 C, the heat
surface temperature rises from 100.93 C to 126.61 C with the
surface heat ﬂux ranging from 69.76 to 311.45 W/cm2. With
the same surface heat ﬂux, the heat surface temperature is
higher at the spraying ﬂuid temperature of 78.2 C than that
at the spraying ﬂuid temperature of 69.2 C.
The heat transfer coefﬁcient rises up with the increase of
heat ﬂux in Fig. 4. When the spray inlet temperature is
Fig. 7 Heat surface temperature and heat transfer coefﬁcient at
different spray volume ﬂows.
Fig. 8 Vaporization ratio and heat transfer efﬁciency at different
spray volume ﬂows.
636 H. Zhang et al.69.2 C, the heat transfer coefﬁcient rises from 21.780 to
54.245 kW/(m2K) with the heat ﬂux ranging from 69.76 to
311.45 W/cm2. At the spray inlet temperature of 78.2 C, the
heat transfer coefﬁcient rises from 24.297 to 46.546 kW/
(m2K) with the heat ﬂux ranging from 83.71 to 294.84 W/
cm2. With the same heat ﬂux, the heat transfer coefﬁcient at
the spray inlet temperature of 69.2 C is higher than that at
78.2 C.
Fig. 6 shows the vaporization ratio and heat transfer efﬁ-
ciency of the spray cooling system, and the working condition
was described as No. 2 in Table 2.
In Fig. 6, the vaporization ratio increases with the increase
of heat ﬂux. The vaporization ratio is from 0.064% to 0.52%
when the spray inlet temperature is 78.2 C along with the heat
ﬂux ranging from 83.71 to 294.84 W/cm2. It rises from 0.081%
to 0.275% when the spray ﬂuid temperature is 69.2 C along
with the heat ﬂux ranging from 69.76 to 311.45 W/cm2. The
vaporization ratio under the two conditions are both less than
1%. When the heat ﬂux is the same, the vaporization ratio is
higher at the spray inlet temperature 78.2 C than that at
69.2 C, which may be attributed to the Sauter diameter of
the spray droplets and the droplets velocity impinging on the
heat surface. When the spray inlet temperature is 78.2 C,
the temperature is closer to the saturation temperature than
the spray inlet temperature 69.2 C and the droplets Sauter
diameter is smaller and the droplets velocity is higher, so that
the spray droplets are easily to be vaporized.
Fig. 6 also indicates that the heat transfer efﬁciency also
rises up with the increase of heat ﬂux. The heat transfer efﬁ-
ciency rises from 0.61% to 2.63% with the heat ﬂux ranging
from 69.76 to 311.45 W/cm2 at the spray inlet temperature of
69.2 C. It rises from 0.768% to 2.658% with the heat ﬂux
ranging from 83.71 to 294.84 W/cm2 at the spray inlet temper-
ature of 78.2 C. This heat transfer efﬁciency is in accordance
with the law of the vaporization ratio. The higher vaporization
ratio results in higher heat transfer efﬁciency.
3.3. Influence of spray volume flow on heat transfer performance
In order to analyze the inﬂuence of spray volume ﬂow on heat
transfer performance, we set the work condition as No. 1
described in Table 2. Fig. 7 shows the heat surface temperature
and the heat transfer coefﬁcient of the spray cooling system
and Fig. 8 shows the vaporization ratio and the heat transfer
efﬁciency.Fig. 6 Vaporization ratio and heat transfer efﬁciency.Fig. 7 shows that the heat surface temperature decreases
from 131.74 C to 128.46 C with the increase of spray volume
ﬂow from 11.47 to 15.76 L/h at the spray cooling inlet temper-
ature of 78.2 C. It decreases from 137.33 C to 131.77 C with
the increase of spray volume ﬂow from 11.21 to 15.00 L/h at
the spray inlet temperature of 69.2 C. The heat transfer coef-
ﬁcient rises up from 32.707 to 41.333 kW/(m2 K) at spray inlet
temperature of 78.2 C and rises up from 33.784 to 38.453 W/
cm2 at the spray inlet temperature of 69.2 C. That is to say,
the increase of the spray volume (11.47–15.76 L/h) could
enhance the heat transfer performance, the heat transfer coef-
ﬁcients increase and the heat surface temperatures decrease.
From Fig. 8 we can see that the heat transfer efﬁciency
decreases with the increase of the spray volume ﬂow (11.47–
15.76 L/h); whereas the vaporization ratio increases with the
increase of the spray volume ﬂow. The vaporization ratio is
calculated at the given heat ﬂux shown in the Fig. 8, the vapor-
ization ratio curve at 69.2 C shows that the vaporization ratio
has a close relationship with the heat ﬂux imposed by the heat
source.
3.4. Influence of ejected volume flow on heat transfer
performance
Fig. 9 shows the heat surface temperature and heat transfer
coefﬁcient of the spray cooling system when the work condi-
tion was set as No. 3 described in Table 2. Fig. 10 shows the
Fig. 9 Heat surface temperature and heat transfer coefﬁcient at
different ejected volume ﬂows.
Fig. 10 Vaporization ratio and heat transfer efﬁciency at
different ejected volume ﬂows.
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volume ﬂow through the spray nozzle could be effectively
drained from the spray chamber by the suction of the ejected
condenser and there is no hydrops phenomenon on the heat
surface with the two volume ﬂows through the ejected con-
denser nozzle.
Results in Figs. 9 and 10 show that the heat transfer perfor-
mance parameters of the heat surface temperature, heat trans-
fer coefﬁcient, vaporization ratio and the heat transfer
efﬁciency have little difference at this two volume ﬂows
through the ejected condenser (77.5 L/h and 99.5 L/h). In
Fig. 9, there is a difference at the beginning of the heat surface
temperature curve, probably because there are differences of
heat ﬂux, which are 83.72 W/cm2 and 88.36 W/cm2, respec-
tively. The heat surface temperature ranges from 111.43 C
to 141.76 C the heat transfer coefﬁcient changes from
20.852 to 46.759 kW/(m2K), the vaporization ratio rises from
0.06451% to 0.521%, and the heat transfer efﬁciency increases
from 0.756% to 2.685%.
4. Conclusions
An ejected spray cooling system was proposed for space
closed-loop application, its ground experimental setup was
built and experimental investigations on the work performance
of the spray nozzle and heat transfer performance of the spray
cooling system were performed.(1) The heat surface temperature, heat transfer coefﬁcient,
vaporization ratio and heat transfer efﬁciency rise up
with the increase of the heat ﬂux (69.76–311.45 W/cm2)
at the same spray volume ﬂow. The heat transfer coefﬁ-
cient is higher when the spray inlet temperature is
69.2 C compared with that at the spray inlet tempera-
ture of 78.2 C, which results in a lower heat surface
temperature. What’s more, the vaporization ratio is
lower when the spray inlet temperature is 69.2 C. The
heat transfer efﬁciency is also lower with the same heat
ﬂux imposed.
(2) With the increase of spray volume ﬂow (11.22–15.76 L/
h), the heat transfer coefﬁcient rises up and the heat sur-
face temperature decreases at the same heat ﬂux and
spray inlet temperature. The heat transfer efﬁciency
decreases and the vaporization ratio increases.
(3) For the same spray cooling inlet temperature (78.2 C)
and spray inlet volume ﬂow (13.6 L/h), the inﬂuence of
two different volume ﬂows (99.5 L/h and 77.5 L/h)
through the ejected condenser nozzle on the heat trans-
fer performance have little difference.
The proposed ejected spray cooling system is proved to be
feasible for the cooling of high heat ﬂux electronics and the
suction effect of the negative pressure formed in the ejected
condenser chamber by the coolant ejected through its nozzle
ensures the removal of the vapor–liquid mixture in the spray
chamber, whether in normal or in reduced gravity or zero
gravity, which guarantees the circulation of the coolant for
space closed-loop system.
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